Abstract-Optical Y-junction power splitters owe their inherent broadband spectral behavior to their design. However, depending on the fabrication technique employed, asymmetries in the junction might arise, perturbing its performance; this is the case in femtosecond laser written Y-junctions where one arm is typically written over the top of the other. In this letter, the spectral behavior of Y-junctions fabricated in fused silica by the femtosecond laser direct writing technique was analyzed and optimized for the first time, to the best of our knowledge. The junction arms output power balance as well as the corresponding spectral flatness between 1300 and 1600 nm is substantially increased by the implementation of an initial separation between the arms at the junction diverging point, enabling the manufacturing of balanced broadband Y-junctions.
High performance Y-junctions (low insertion losses, high bandwidth, and high power uniformity between branches) have already been demonstrated using Planar Lightwave Circuit (PLC) technology [7] , [8] . While PLC technology offers significant advantages in scalability, cost, and circuit compactness, femtosecond laser direct writing techniques can offer prototyping flexibility and real-time optimizations that are not present in PLC fabrication methods. Furthermore, it allows easy monolithic integration of optofluidic devices for bioanalysis [9] due to the technique's inherent high spatial resolution and 3D capabilities. However, in laser direct writing processes, symmetry is difficult to achieve when there is an overlap of the laser scanning lines, which is the case on the splitting area of the Y-junction. This has been the case on fabrication methods that depends on linear photosensitivity due to depletion of dissolved molecular hydrogen [10] and also in nonlinear processes like the ones that are employed on this letter. The fabrication of Y-junctions with type 1 waveguides using the femtosecond laser direct writing technique has already been reported in several materials [11] [12] [13] [14] . Most advances in this area were made by Liu et al. [15] , by the use of a multi-scan technique to decrease both insertion loss and polarization dependent loss, demonstrating 1×N splitters in fused silica which show relatively good power splitting balance at 1550 nm with a large insertion loss (6.72 dB for 25 mm long 1×2 splitters) due to the waveguides high propagation loss, and Sohn et al, which used micromachined U-grooves for passive fiber alignment, demonstrating 1×2 [16] and 1×4 [17] splitters fabricated again with high propagation loss waveguides (0.86 dB/cm) at 1550 nm. Given this, more attention should be invested in the fabrication of high performance devices, in particular in what concerns the optimization of the Y-junction design for power balance in a broad wavelength range as well as spectral flatness which has never been explored to the authors' best knowledge.
In this letter we optimize the design of Y-junction splitters, fabricated by the femtosecond laser direct writing technique, to enable balanced power splitting over broad wavelength ranges with improved spectral flatness. The impact of arm separation, at the junction diverging point, in the spectral response was studied between 1300 nm and 1600 nm and the best fabrication parameters were found.
II. EXPERIMENTAL PROCEDURE
The femtosecond laser system used for the fabrication of the Y-junctions was an Amplitude Systemes Satsuma HP fiber amplified laser. The second harmonic beam at λ = 515 nm, 1041-1135 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. with an approximate 250 fs pulse duration and a repetition rate of 500 kHz, was focused inside a fused silica substrate 50 μm below the surface with a 0.55 numerical aperture aspherical lens [18] . To fabricate low loss optical waveguides a calibration was made, with optimal writing conditions being obtained with laser pulses of 250 nJ at a sample scanning speed of 400 μm/s. Also, a linear writing beam polarization aligned with the scanning direction was used, since lower propagation loss and birefringence are obtained [19] . Writing direction was also optimized, with all devices being manufactured always in the same direction to avoid Quill effect [20] . These exposure conditions yielded waveguides with total insertion losses of 1.1 dB, for 2.5 cm long waveguides, with a mode field diameter of 12.3 μm × 7.1 μm, resulting in coupling losses of 0.37 dB per facet, when butt-coupled to a SMF28 fiber, and propagation losses of 0.14 dB/cm at 1550 nm, which are in line with the best results in literature [21] , [22] . To minimize bending loss the radius of arc shaped S-bends was also optimized; a curvature radius of 80 mm and 125 μm lateral offset were employed, resulting in a 250 μm separation between outputs and a 6.2 mm long junction.
III. EXPERIMENTAL RESULTS AND DISCUSSION
To study and optimize the Y-junctions fabrication parameters the conventional configuration of Fig. 1 (a) was initially tested with the branching starting completely overlapped at the same spot (point A of Fig. 1(a) ). This was accomplished by writing the input waveguide followed by arm 1 and then returning to point A to write arm 2. Ten Y-junctions employing this design were fabricated, with a mean power splitting of 44.9/55.1 % being obtained for arm 1 and 2 respectively, at 1550 nm, with a standard deviation of 1.2 %. This evidences the existence of a consistent asymmetry in the fabricated junctions, since more power is flowing into arm 2 (the last arm written), with a ∼5% deviation from the ideal behavior (50%). By looking in more detail into the overlapped zone, Fig. 2(b) , the deviation can be explained since the last arm written is visibly more defined. This effect is probably due to the fact that refractive index saturation was not reached during the first laser scan in the fabrication of the first arm, resulting in an asymmetric index distribution in the branching zone of the Y-junction.
To correct this problem one might think of saturating the refractive index change in that region by performing multiple writings. This was tested by rewriting the arms (up to 10 times for each arm) sequentially from the diverging point up to half of the S-bend (point B in Fig. 1(b) ), but it was observed that the junction spectral behavior becomes increasingly irregular with an increasing number of scans. The probable cause relates to the increasing complexity of the refractive index of the modified region, since the energy distribution of the writing laser focus is altered in each pass.
A better solution was found separating the Y-junctions arms, as seen in Fig. 1(c) . The idea was to find the minimum separation that eliminates the junction asymmetry, by reducing the beam overlap. For this study several Y-junctions were fabricated with arm separations ranging from 0 μm (fully overlapped conventional Y-junction) to 15 μm. The fabricated devices were characterized at 1550 nm and the experimental results are presented in Fig. 3 . The simulation results were obtained with Rsoft BeamPROP using a 2D model with a 2.03 μm waveguide cross section and 9.5×10 −3 refractive index difference between the core and the cladding sections. The waveguide simulation parameters were chosen by comparing Y-junction simulations with experimental data (for a separation larger than 5 μm) as a function of wavelength for different arm separations. Several waveguide parameters yielding different mode field diameters were used for a coarse adjustment, while different waveguide parameters yielding the same mode field diameter were used to make a fine adjustment. The results show that the power splitting becomes closer to the simulated 3 dB splitting ratio with increasing arm separation ( Fig. 3(a) ). It is also clear that the arm excess loss (difference between insertion loss of one arm and a reference waveguide) is relatively constant until a separation of 5 μm is reached, reading 8 dB for 15 μm separation as seen in Fig. 3(b) . This behavior, in the 0-5 μm zone, was not expected, as seen from the simulations, but can be explained by the Y-junction arms overlap. There is however the opportunity to optimize other features without further loss degradation using arm separation, such as the junction spectral behavior, since insertion loss is approximately constant up to 5 μm.
For this a spectral analysis was performed from 1300 nm to 1600 nm (Fig. 4) . As can be seen in the first graphic of Fig. 4 , the asymmetric index distribution discussed previously is also responsible for asymmetrical spectral arm behavior; such feature is not ideal for broadband power splitters. Similarly to Fig. 3(b), Fig. 4 shows the existence of two distinct regions; the first, ranging from 0 μm to 5 μm, where both arms perform asymmetrically and the experimental and simulated behavior do not match; and the second, from 5 μm to 15 μm, where both arms behave symmetrically and the experimental and simulated behavior do match. Originally, arm 1 loses more power at lower wavelengths while arm 2 shows a stable behavior. As arm separation increases the symmetry also increases until both arms match the simulated behavior (at 5 μm). This means that the writing of the second arm is no longer affecting the first, making the junction physically symmetrical for a separation distance greater than 5 μm. This behavior resembles the characteristics already seen in directional couplers [23] , where the coupling coefficient increases for increasing wavelength, meaning that, for a small separation, everything, from 1300 nm to 1600 nm, can be coupled to the output waveguides. However, as the separation increases the lower wavelengths coupling efficiency diminish, thus the observed increased losses. As the arm separation increases even further the longer wavelengths, with higher coupling coefficients, do not have enough interacting length to couple and also suffer increased loss. The vertical shift observed when both arms have the same behavior is likely due to misalignment of the output butt coupled fiber.
In summary, this technique appears to be suited for junction asymmetry correction, with the best results being obtained for a 5 μm arm separation. The 5 μm arm separation Y-junction has a power splitting of 50.9:49.1, a junction loss of 0.4 dB at 1550 nm, as well as 4.5 dB insertion loss (including the 3 dB splitting loss) and 0.20 dB polarisation dependent loss (PDL) for a 2.5 cm long device (although the junction is only 6.2 mm long). Since the waveguide fabrication parameters were optimized towards minimizing propagation loss, most insertion loss arises from the coupling to the SMF-28 fiber and should be substantially reduced if this problem is addressed. Regarding the spectral behavior, this junction shows only a small decrease of 0.48 dB from 1600 nm to 1300 nm, while maintaining the power splitting. Several applications can benefit from this study, with the most striking example being integrated optical chips used for beam combining in astronomical interferometry [24] . In this particular application, the optical signals are broadband (∼300 nm wide) and therefore achromatic behavior is essential. Integrated Mach-Zehnder interferometric sensors [25] can also benefit from this advance.
IV. CONCLUSION
A new design for the fabrication of balanced broadband Y-junction power splitters, based on arm separation, with the femtosecond laser direct writing technique was tested and optimized. Subsequently, a 6.2 mm long Y-junction power splitter with relatively low insertion loss, good power splitting uniformity and low wavelength dependent loss was fabricated with a 5 μm arm separation in a 2.5 cm long fused silica substrate. This enables more complex binary tree structures, for 1×N power splitting, with the same characteristics to be produced. The insertion loss (including 3 dB splitting loss), splitting uniformity, PDL and wavelength dependent loss obtained were 4.5 dB, 0.15 dB (50.9:49.1), 0.20 dB, and 0.48 dB respectively, in the wavelength range of 1300 nm to 1600 nm. The results shown in this letter have a positive impact on devices that require achromatic Y-junction splitters, such as integrated optical chips for beam combining in astronomical interferometry and sensors based on Mach-Zehnder interferometers, for example.
